The recent sequencing of the human genome has revealed that the human cell contains only twice the number of genes as the worm or fly (1). This implies that the regulation of gene products as well as their interactions accounts for the increased biological complexity of higher organisms. Consequently to exploit the wealth of information provided by genome sequencing it is essential to be able to study both stable and transient macromolecular complexes. Although the yeast two-hybrid system (2) and cross-linking combined with mass spectrometry (MS) 1 (3) are exceptionally powerful approaches to defining stable complexes within the proteasome, MS has the additional potential to describe transient, dynamic complexes through two major developments. These are (i) the ability to probe molecular dynamics through the coupling of MS with hydrogen deuterium (H/D) exchange technologies and (ii) the control of the conditions within the mass spectrometer such that non-covalent interactions between proteins and cofactors can be examined.
The recent sequencing of the human genome has revealed that the human cell contains only twice the number of genes as the worm or fly (1) . This implies that the regulation of gene products as well as their interactions accounts for the increased biological complexity of higher organisms. Consequently to exploit the wealth of information provided by genome sequencing it is essential to be able to study both stable and transient macromolecular complexes. Although the yeast two-hybrid system (2) and cross-linking combined with mass spectrometry (MS) 1 (3) are exceptionally powerful approaches to defining stable complexes within the proteasome, MS has the additional potential to describe transient, dynamic complexes through two major developments. These are (i) the ability to probe molecular dynamics through the coupling of MS with hydrogen deuterium (H/D) exchange technologies and (ii) the control of the conditions within the mass spectrometer such that non-covalent interactions between proteins and cofactors can be examined.
Over the last decade H/D exchange in conjunction with MS has developed to an extent whereby it can probe the exchange behavior of regions of secondary structure in macromolecular complexes (4) and even individual residues in smaller proteins (5) . In parallel with these developments major advances have been made in the ability to study non-covalent complexes in the gas phase. Specifically the coupling of time-of-flight methods with electrospray and the refinement of this process to a nanoflow technique have enabled applications from simple dimeric complexes (6) through to homo-(7) and hetero-oligomeric complexes (8) and even small particles (9 -11) . Consequently the ability to probe both non-covalent interactions as well as H/D exchange enables not only the definition of the stoichiometry of interacting subunits but also their conformational dynamics and subunit interfaces to be investigated.
Early applications of mass spectrometry to examine non-covalent protein ligand interactions present in the solution phase led to conflicting results in which specific interactions were not necessarily reproduced in the gas phase of the mass spectrometer. It is now widely accepted that the nature of the interactions, either hydrophobic or ionic, plays a major role in determining the outcome of small protein ligand interactions (12) . Specifically, if the dominant interactions are ionic, greater gas phase stability of the complex is observed than for hydrophobically driven ligand binding. With the increasing size of multiprotein complexes generated in the gas phase, however, involving a much greater number of interactions, the net effect is a closer agreement between the gas and solution phase data (13) . The fact that these complexes can be observed in the mass spectrometer enables their stability and folding to be probed in the presence of a wide range of ligands and cofactors as well as in response to thermal and chemical denaturation. It is the recent applications of MS to study dynamic protein complexes that form the basis of this review.
Binding of Metal Ions and Cofactors
Determining specific binding of metal ions to proteins is now an established application of MS research. In addition to determining the number of metal ions bound specifically to a particular protein the prospect of gaining additional insight into the cooperativity of binding, dissociation constants, and oxidation states of metal ions promises advances in the understanding of protein metal interactions. Using electrospray time-of-flight MS, the stoichiometry of iron binding and subunit association has been confirmed for two hemerythrins and a rubrerythrin (14) . The major oligomeric complex of hemerythrin from Lingula reevii was observed as a hetero-octamer of ␣ 4 ␤ 4 stoichiometry with one oxygen-bridged diiron site per subunit. By controlling the energy of collisions in the source region, the octamer could be dissociated to a heptamer and monomer from which the metal binding stoichiometry was confirmed as two Fe 3ϩ per monomer. Additionally, there was evidence for binding cooperativity as the intensity of the single bound Fe 3ϩ species was much lower than the apo-or holo-forms. The cooperativity of Zn 2ϩ binding has been demonstrated for human metallothionein (MT-2). From titration of substoichiometric concentrations of Zn 2ϩ , cooperative binding of the four-metal cluster was observed to occur first followed by binding of the three-Zn 2ϩ cluster (15) . A similar titration approach has been used in a detailed investigation of pH-dependent binding of Cu 2ϩ to synthetic peptides containing the octarepeat sequence from the Nterminal domain of prion protein (16 ions are bound more tightly (low micromolar K d ) than the third and fourth. However, for the peptide that is extended at the C terminus to include the next seven residues (one additional histidine) the third and fourth Cu 2ϩ are bound cooperatively and have nanomolar dissociation constants (16) .
The specificity of metal-mediated binding of a transcription factor to DNA has been investigated. For the vitamin D receptor DNAbinding domain, binding of the monomer or dimer to its DNA response element was observed only in the presence of Zn 2ϩ . However, at higher concentrations of Zn 2ϩ dissociation of the complex occurred. This was attributed to a small conformational change because of occupation of an additional Zn 2ϩ -binding site (17) . In an extension to this study the formation of a heterodimer of vitamin D receptor and retinoid X receptor-␣ in the presence of Zn 2ϩ and the binding of this dimer to the vitamin D response element has been reported (18) . Binding of vitamin D to the heterodimeric metalloprotein-DNA complex was also observed, but by contrast addition of retinoic acid was found to disrupt the complex and to favor formation of homodimeric retinoid X receptor-␣ (18) . These results demonstrate the sensitivity of the charge state distribution of both the vitamin D and retinoid X receptors to DNA binding and changes in Zn 2ϩ concentration as well as the specificity of the various components to the presence of retinoic acid.
By using a combined MS and limited proteolysis strategy the order of metal binding to multiple sites and the relative stability of these sites can be determined. This approach has been used to study conformational changes on Cu 2ϩ binding in the human copper chaperone, Zn-SOD1 (hCCS); copper is bound by the first and third domain in hCCS, and a cleavage site between the second and third domain is protected from proteolysis when Cu 2ϩ is bound (19) . A comprehensive example of this combined MS/proteolysis method was reported for the 11-kDa estrogen receptor DNA-binding domain (20) . Oxidation of the estrogen receptor has been implicated in cases where tamoxifen is ineffective in the treatment of breast cancer, and the mass spectrometric study showed that preferential oxidation of one of the two zinc fingers occurred, which prevented dimerization and DNA binding (20) . Using a similar approach the two zinc fingers in the nucleocapsid protein (NCp7) were examined (21) . The results show that Zn 2ϩ binds preferentially to one zinc finger whereas both are involved in DNA binding as the cleavage site between the Zn 2ϩ -binding regions is protected from digestion in a NCp7-pentanucleotide complex (21).
Recent applications have highlighted the ability of MS to determine the oxidation state of metal ions. Using the high resolution capabilities of a Fourier transform mass spectrometer the oxidation state of bound metal ions can be determined by accurate mass measurement of the isotope peaks for a particular charge state. Specifically the heme-containing proteins myoglobin, three different cytochromes (22) , and rubredoxin (23) have been shown to contain Fe 3ϩ . In the latter study, the oxidation state of the iron in a 20-kDa protein containing an iron-sulfur cluster required mass measurement accuracy to within a single mass unit to distinguish proton or metal ligation. A recent report has described the use of an in-line electrochemical cell coupled with electrospray ionizationFourier transform mass spectrometry that allows observation of metalloproteins in their oxidized or reduced states without the need for anaerobic conditions or chemical reductants (24) . Specifically for the proteins azurin, superoxide reductase, and a mixed iron/manganese-sulfur ferrodoxin, chemical or electrochemical reduction resulted in changes in the oxidation state of the metal ion within the protein complex (24) .
Conformational Changes as a Result of Phosphorylation
In addition to monitoring conformational change as a result of metal binding the importance of phosphorylation in signaling pathways has led to the introduction of sensitive methods to monitor conformational change as a result of this modification. Using H/D exchange, limited proteolysis, chromatographic separation of peptides, and an electrospray approach both phosphorylated and nonphosphorylated extracellular signal-regulated protein kinase 2 were examined (25) . The results showed that conformational changes observed in the x-ray structures could account for some of the changes observed in H/D exchange rates. For the ATP binding loop, hinge, and substrate binding site, significant differences were observed that could not be explained by the x-ray structure. Significantly these results identify changes in the mobility of the protein in the regions important for catalysis (25) . Using a similar approach but analyzing the entire peptide digest in a single matrixassisted laser desorption ionization spectrum, solvent accessibility was probed in the transient phosphorylated state of the methylesterase CheB (26) . Despite the fact that the lifetime of this state is ϳ2 s, comparison with the non-phosphorylated forms reveals that regions in the catalytic domain of this two-domain protein become more solvent-accessible upon phosphorylation (26) . The results of these two studies demonstrate the power of this approach and allow a glimpse of the conformational dynamics of phosphorylated proteins in solution.
Protein Misfolding and Aggregation
The phenomenon of protein aggregation is a ubiquitous problem in biomedical and biotechnological research. Aggregates can form from the association of transient, partially folded intermediates during refolding experiments and during the production of recombinant proteins in heterologous expression systems (27) (28) . For ␤ 2 -microglobulin, one of a group of 20 or so proteins associated with the formation amyloid fibrils in vivo (29) , MS was used to identify N-terminally truncated forms of the protein present in high concentrations in ex vivo deposits (30) . The H/D exchange properties of a mixture of wild-type and the major N-terminal truncation of ␤ 2 -microglobulin showed that the modified protein was significantly less protected from exchange than the wild-type protein (31) . Because low protein concentrations in the nanomolar range can be sufficient to prevent aggregation (32) MS is well suited for probing the structure of monomeric species. For insulin under amyloidogenic solution conditions (pH 2.0), a total of 19 peptides was generated by peptic digestion and analyzed without chromatographic separation. By subtraction of overlapping peptides the deuterium occupancy of individual residues could be defined and demonstrated that extensive native state helical structure was preserved under these solution conditions (5). This MS methodology enabled an investigation of the exchange properties of individual residues within a conformation prone to extensive aggregation and ultimately amyloid fibril formation.
Further applications of MS to study amyloid formation exploit the ability to monitor non-covalent protein-protein interactions. Spectra of insulin measured directly during the fibril formation process demonstrate the presence of soluble oligomers, up to a 12-mer, their H/D exchange properties being consistent with the reversible association of soluble oligomers (33) . An MS method for monitoring fibrillogenesis directly within the nanoflow capillary used for introducing the sample into the electrospray source has been demonstrated for the islet amyloid polypeptide (34) . The results from this investigation showed that the rate of removal of islet amyloid polypeptide in seeded reactions obeys first-order kinetics (34) . An intriguing series of MS experiments has been designed to probe when a protein is irreversibly committed to either the native or misfolded aggregated state. Briefly, the protocol involves initiation of folding for the N-labeled protein, recovered from aggregated and soluble forms, to be determined (35) . Interestingly for the interleukin 1␤ variant K97I the results showed that early folding intermediates and aggregates formed in the reaction were reversible but that commitment to aggregation or folding to the native state occurred at a much slower rate (35) . The growing awareness of the link between protein aggregation and disease suggests introduction of further innovative MS methods for probing both ordered and disordered protein association.
Chaperone-assisted Protein Folding
Central to the success of protein folding in vivo is the prevention of aggregation, a role ascribed to molecular chaperones. The most widely studied of all molecular chaperones is the Escherichia coli   FIG. 1 . A, the structure of the GroELGroES-7ADP molecular chaperonin complex from E. coli from the coordinates 1AON (47) and produced using MOLMOL (48) . B, regions of the GroEL monomer found to undergo a 3-fold increase in H/D exchange kinetics (red) relative to the equatorial domain (blue) when destabilized with 1.8 M GdnHCl. Reproduced with permission from Ref. 4 . Q-ToF (C) and Fourier transform mass spectrometry (D) electrospray mass spectra recorded for the intact GroEL 14-mer and GroES 7-mer , respectively. Reproduced with permission from Ref. 38 . The peaks are labeled with the number of subunits, and the charge state is indicated in parentheses.
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chaperonin GroEL and its co-chaperonin GroES (Fig. 1) . GroES forms a single heptameric ring of seven identical subunits (10 kDa). The 14 GroEL subunits (57 kDa) are joined through noncovalent forces to form a double toroidal structure with a molecular mass of 800 kDa. The unfolding and disassembly of this tetradecamer have been studied using H/D exchange measurements of GroEL destabilized in a chemical denaturant (4) . Monitoring the exchange from the intact monomer as well as a total of 38 peptides generated by digestion reveals that, of the three distinct domains in the monomer, the apical and intermediate domains unfold three times faster than the equatorial domain ( Fig. 1) (4) . From these results the existence of an intermediate, a tetradecamer with the apical and intermediate domains unfolded, was proposed (4). In a separate study the folding of protein substrate, hen lysozyme, within the tetradecamer was investigated using an H/D exchange pulse labeling strategy (36) . The results showed that although the individual domain folding of lysozyme is not affected by interactions with GroEL the reorganization of non-native tertiary contacts is facilitated. Using a quadrupole time-of-flight (Q-ToF) mass spectrometer and a carefully controlled balance of pressures, conditions were found whereby the GroEL and GroES chaperone assemblies were able to remain intact. For the GroES heptamer a population of monomeric subunits was always observed at m/z 1-3000 consistent with the micromolar K d measured for this oligomeric complex (37) . By contrast the GroEL 14-mer was found to be remarkably stable, but acceleration and collision-induced dissociation of this complex within the collision cell of a Q-ToF mass spectrometer led to single ring and monomeric fragments revealing the topology of the interacting subunits (38) .
This protocol of maintaining many low energy collisions to absorb the excess translational energy of the ions or alternatively inducing their dissociation by high energy collisions has recently been applied to probe the subunit arrangement in a newly described molecular chaperone MtGimC. MtGimC is an archaeal homologue related to the eukaryotic chaperonin cofactor GimC/prefoldin involved in the folding of actin and tubulin (39) . The complex was characterized by first defining the molecular weight of the intact complex (40) . Although analyzed previously by size exclusion chromatography the precision afforded by the MS method enabled an unequivocal determination of the stoichiometry. This corresponded to a well defined hexamer of two ␣ subunits and four ␤ subunits (40) . Dissociation of the complex within the gas phase was used to probe the quaternary arrangement and two central subunits, both ␣, and four peripheral ␤ subunits, consistent with these measurements, were proposed. In an extension to this study a thermally controlled nanoflow device was constructed to monitor the thermal stability of this heat shock complex. The results of these experiments demonstrate that a significant proportion of the MtGimC hexamer remains intact under low salt conditions even at 70°C (Fig. 2 ). In addition it was possible to monitor in real time the assembly of the MtGimC hexamer from its component subunits. A mixture of the two subunits introduced in a 1:2 ratio of ␣:␤ subunits was placed in the nanoflow capillary, and after the dead time of the experiment, spectra were recorded continuously. The mass spectra showed the absence of any intermediates, demonstrating that the assembly process is highly cooperative, leading exclusively to the hexamer. In light of the x-ray diffraction analysis of this complex there are no interactions between the ␤ subunits although the ␣ subunits form a dimeric core and act as a structural nucleus for the assembly of the ␤ subunits (41) . From the MS results, the highly cooperative assembly process, and the stability of the complex at 70°C, the hexamer was proposed as the structural unit in vivo (40) .
MS when coupled with H/D exchange has been used to examine the function of the bacterial protein ClpA, a member of the Hsp100 chaperone family. Incubation of ClpA, ATP, and a modified green fluorescent protein (with an additional recognition sequence) followed by H/D exchange revealed that near complete exchange of the folded core of the green fluorescent protein had occurred. By contrast in the presence of chaperone and a non-hydrolyzable analogue of ATP the modified green fluorescent protein retained a protected core of deuterons, demonstrating that the protein had not unfolded. Taken together the results show that ClpA with ATP can unfold stable, native proteins to which a terminal recognition peptide has been added (42) .
Mapping Protein Interfaces
A matrix-assisted laser desorption ionization/MS approach has been developed to probe the protein-protein interface of protein complexes. Peptic fragments that retained deuterium under H/D exchange conditions because of decreased solvent accessibility at the interface of the complex were used to report on the interacting regions (43) . This method has been used to probe complexes of the catalytic subunit of a murine cAMP-dependent protein kinase complexed with a kinase inhibitor PKI-(5-24). The structure of this complex had been determined from x-ray diffraction data and was used to validate the MS method before applying the technique to a thrombin-thrombomodulin TMEGF-(4 -5) complex of unknown structure. To detect regions of the protein with decreased solvent accessibility the rapidly exchanging surface amides of the complex were deuterated and compared with the same deuteration protocol for the thrombin. Of the 29 peptides derived from the thrombin TMEGF-(4 -5) complex, five showed a significant increase in H/D exchange protection in the complex when compared with thrombin alone. The results from this investigation define 6 residues where significant interactions occur between thrombin and the smallest fragment of thrombomodulin that retains anticoagulant activity (43) .
Macromolecular Particles
Some of the most dramatic MS developments have come from the ability to record spectra of intact macromolecules. The feasibility of such experiments was first demonstrated by passing an intact virus through the gas phase of a mass spectrometer and demonstrating that infectivity could be retained (44) . Other successful attempts to record spectra of intact particles have included the MS2 virus capsid in which individual charge states could be defined in the time-offlight mass spectrum (9) . Calculation of the mass was achieved by iterating the charge over the spectrum to find the best fit to the raw data enabling a mass of 2,484,700 Ϯ 25,200 to be determined. In a different approach, in which both the m/z and charge are measured simultaneously, signals from tobacco mosaic virus and rice yellow mottle virus particles have been recorded (11) . An elegant demonstration of viral capsid mobility combined fluorescent probes with MS to demonstrate permeation of the viral capsid and inactivation of 
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nucleic acid by chemical modification (45) . The procedure was demonstrated for three different viruses, flock house virus, human rhinovirus, and the highly topical foot and mouth disease virus. Despite the relative size and complexity of ribosomes, which in Escherichia coli comprises three large RNA molecules and 55 different proteins, these macromolecules have also been shown to remain intact in the gas phase of the mass spectrometer (10) . Spectra recorded of the 70 S particle in the presence of Mg 2ϩ showed that ions from the intact ribosome have m/z values in excess of 20,000 (Fig. 3) (10) . Through controlled dissociation of this particle in the gas phase it was possible to remove a subset of proteins both individually and as complexes of up to six proteins. The ease with which proteins dissociated from the intact species is related to their known interactions in the ribosome particle. The fact that the 2.3-MDa particle can traverse a mass spectrometer remaining intact until mass measurement enables the sensitivity of the ribosome to a number of external conditions to be examined. For example, lowering the Mg 2ϩ concentration in solution led to dissociation into 30 and 50 S subunits. The dynamic properties of individual proteins (L10 and L11) within the whole particle have also been addressed. The results suggest that these two proteins are tightly packed within the ribosome structure (46) . The foundations are now in place to gain insight into the structure of the ribosome during various stages of its dynamic function as well as in response to the many therapeutic agents that are known to target the ribosome.
Future Perspectives
The ability to mass measure macromolecular structures (in some cases at the level of individual isotopes) represents significant breakthroughs in the technology that underpins the use of MS in studying protein complexes. These advances coupled with recent H/D exchange applications, notably in describing molecular motions within molecular chaperones (GroEL and ClpA) and in intact ribosomes, extend the power of the approach for studying the dynamics of macromolecular structures. Moreover the ability to monitor dynamic assembly reactions of protein complexes coupled with their transient interactions with cofactors opens up new avenues of structural biology research. The real power of these MS approaches lies in their ability to complement the static structural information from x-ray crystallography by providing insight into the internal motions of large proteins at the molecular level. 
Minireview: Dynamic Protein Complexes
46688
